Spin properties and spectral variations of high mass X-ray binary 4U 2206+54 are studied with long-term hard X-ray monitoring observations by INTEGRAL. A longperiod X-ray pulsar of P spin ∼ 5558 s has been identified in 4U 2206+54. The spin evolution of the neutron star in 4U 2206+54 is detected with the INTEGRAL/IBIS data. From 2005 to 2011, the spin period of the neutron star in 4U 2206+54 varies from ∼ 5558 s to ∼ 5588 s. The average spin-down rate in the last 20 years is derived as ∼ 5 × 10 −7 s s −1 . 4U 2206+54 is a variable source with luminosities of ∼ 10 35 − 10 36 erg s −1 in the range of 3 -100 keV. Its spectrum can be described by an absorbed power-law model with exponential rolloff. The hydrogen column density and photon index show the anti-correlations with hard X-ray luminosity: low column density and small photon index at maximum of luminosity. This spectral variation pattern suggests that 4U 2206+54 would be a highly obscured binary system. Furthermore, the possible cyclotron line features are searched for in the spectra of different luminosities. The possible cyclotron absorption feature around 30 keV is not confirmed in our work. The physical origin and evolutional track of this very slow pulsation neutron star are still unclear. We suggest that 4U 2206+54 would be a young system with the long-term spin-down trend, would evolve to a longer spin period range and transit to the spin-up phase similar to 2S 0114+65. These very slow pulsation X-ray pulsars would belong to a new class of compact objects -accreting magnetars.
INTRODUCTION
4U 2206+54 is a peculiar high mass X-ray binary, emitting the persistent X-rays with a main sequence star companion (Negueruela & Reig 2001; Ribó et al. 2006; Blay et al. 2006) . Its X-ray luminosity varies in the range of Lx ∼ 10 34 − 10 36 erg s −1 from 1 -10 keV according to the RXTE, BeppoSAX, SWIFT and INTEGRAL light curves between 1996 (Torrejon et al. 2004 Masetti et al. 2004; Blay et al. 2005; Corbet et al. 2007; Wang 2009 Wang , 2010 . X-ray monitoring by RXTE has suggested an orbital period of 9.6 days in 4U 2206+54 (Corbet & Peele 2001) . Recently SWIFT/BAT observations (Corbet et al. 2007 ) and RXTE/ASM data (Wang 2009; Levine et al. 2010) found a modulation of ∼ 19.12 days, twice of the 9.6-day period. Then this 19.12-day period was thought to be the true orbital period of 4U 2206+54 (Corbet et al. 2007; Wang 2009 ).
The nature of the compact object in 4U 2206+54 is also in dispute for a long time ( (Torrejon et al. 2004; Masetti et al. 2004; Blay et al. 2005; Wang 2009 ). The discovery of a 5560 s pulsation in light curves of 4U 2206+54 from RXTE, INTEGRAL and Suzaku observations suggests that it would be a X-ray pulsar (Reig et al. 2009; Wang 2009; Finger et al. 2010 ).
The physical origin of variability pattern and slowpulsation period (longer than 5000 s) is still unclear. Thus, the long-term X-ray monitoring on the source to study the spectral variability and spin properties is necessary. Finger et al. (2010) found a possible spin-down trend of 4U 2206+54 when they compared two spin period values derived by the Suzaku observations in 2007 and BeppoSAX detections in 1998. If the neutron star in 4U 2206+54 still spins down, this slow pulsation neutron star might become the slowest pulsation one of our known sources within several hundred years. Now INTEGRAL has collected more than eight years of observational data, and specially has done several point- Table 1 . INTEGRAL/IBIS observations of the field around 4U 2206+54 within the off-axis angle below 10 • . The time intervals of observations in the revolution number and the corresponding MJD dates, the corrected on-source exposure time, and the average off-axis angle on the source are listed. Mean IBIS count rate and the detection significance level value in the energy range of 20 -80 keV were also shown. ing observations on 4U 2206+54 with a long exposure time (> 100 ks) in each orbital revolution (3 days). The long onsource observations are very helpful to determine the spin period of the slow-pulsation neutron star. With repeated pointing observations on 4U 2206+54 with INTEGRAL, we try to study spin properties of the slow-pulsation neutron star, and determine the possible spin-down or spin-up of the neutron star in our observed epoch. Furthermore, we also use the long-term monitoring data of INTEGRAL to probe the spectral property variations of 4U 2206+54 with different accretion luminosities. These studies will help us to understand physical origin of variability pattern and formation scenario of slow-pulsation period. This paper will be organized as follows. We will first introduce the INTEGRAL observations and data analysis in §2. In §3, spin properties of 4U 2206+54 are studied, and try to search for the spin derivative of 4U 2206+54. In §4, spectral properties and variations of 4U 2206+54 in different accretion states are studied. In addition, we try to search for the possible cyclotron absorption line features in hard X-ray spectrum of 4U 2206+54 which were reported in previous work. The summary and discussion are presented in §5.
INTEGRAL OBSERVATIONS
INTEGRAL is an ESA's currently operational space-based hard X-ray/soft gamma-ray telescope (Winkler et al. 2003 ).
There are two main instruments aboard INTEGRAL, the imager IBIS (Ubertini et al. 2003 ) and the spectrometer SPI (Vedrenne et al. 2003) , supplemented by two X-ray monitors JEM-X (Lund et al. 2003) and an optical monitor OMC (Mas-Hesse et al. 2003) . All four instruments are co-aligned, allowing simultaneous observations in a wide energy range.
SPI has a lower sensitivity than IBIS for weak sources below 200 keV, and detection of weak point sources is not so significant for spectral studies. 4U 2206+54 is not detected by SPI. Then we will mainly use the data collected with the low-energy array called IBIS-ISGRI (INTEGRAL Soft Gamma-Ray Imager, Lebrun et al. 2003) . IBIS/ISGRI has a 12' (FWHM) angular resolution and arcmin source location accuracy in the energy band of 15 -200 keV. JEM-X as the small X-ray detector collects the lower energy photons from 3 -35 keV which is used to constrain the soft X-ray band spectral properties of 4U 2206+54 combined with IBIS.
4U 2206+54 is observed frequently during INTEGRAL all-sky surveys. In this work, we use the available archival data for the IBIS observations where 4U 2206+54 is within ∼ 10 degrees of the pointing direction with the on-source time longer than 15 ks. In Table 1 ver. 9.0. Individual pointings in each satellite revolution (3 days) processed with OSA 9.0 are mosaicked to create sky images for the source detection. We have used the energy range of 20 -80 keV by IBIS for source detection and quoted source fluxes for each revolution (see Table 1 ). If 4U 2206+54 is detected by IBIS with significance level below 5σ, only upper limits of the count rate are given.
SPIN PERIOD OF THE NEUTRON STAR IN 4U 2206+54
The spin period of the neutron star in 4U 2206+54 was discovered in 2009 (Reig et al. 2009; Wang 2009 Reig et al. (2012) reported a spin period around 5590 ± 10 s at MJD 55599 using XMM-Newton observations. This result implies that the long-term spin-down trend of the neutron star in 4U 2206+54 is still going on. Spin property specially the spin period evolution of this slow pulsation X-ray pulsar is a key question to probe the physical nature of the object, still requiring more detailed studies.
INTEGRAL has a high Earth orbit with a 3 day period, which should have advantage to study the spin properties of this slow-pulsation neutron star. Recent INTEGRAL pointing observations on 4U 2206+54 have several revolutions with a long on-source time near 200 ks (see Table 1 ), these observations will provide us a chance to re-analyzed the spinperiod of 4U 2206+54. In Fig. 1 , the hard X-ray light curves are displayed in six revolutions when 4U 2206+54 was detected by IBIS observations with a significance level higher than ∼ 20 σ: Revs 510, 511, 512, 567, 568 and 1008. The background-subtracted light curves after barycentric corrections for the six revolutions in the range of 20 -80 keV are obtained with the time resolution of ∼ 50 s (in Fig. 1 , data points have been re-binned to 1000 s for clarity). The modulations in light curves are seen, specially for Rev 510 when 4U 2206+54 was detected with the highest significance level in our analysis.
Power spectra for the six light curves are presented in Fig. 2 . The significant peak at ∼ 5500 s is clearly detected in the all power spectra, suggesting a long spin period the neutron star located in 4U 2206+54. The detailed studies on the power spectrum of each revolution find that the peak at ∼ 5560 s for five revolutions 510, 511, 512, 567 and 568; but for Rev 1008, the detected peak is around 5590 s. For Rev 510, the periodical signal in hard X-ray light curve is strongest in our observations, and we use the efsearch method to derive the spin period of 4U 2206+54 at ∼ 5558 ± 2 s. Combining with efsearch and the pulse-folding technique, we also obtain the spin period values for other five revolutions (see Table 2 ): 5560±10 s for Rev 511, 5560±7 s for Rev 512, 5564 ± 7 s for Rev 567, 5563 ± 10 s for Rev 568 and 5588 ± 10 s for Rev 1008. According to the IBIS results on the spin period values from 2005 -2011, 4U 2206+54 would undergo a long-term spin-down trend. Finally, we collect the previous spin period measurements including the present work in Fig. 3 . Comparing the spin-period values derived in the last nearly twenty years, the reported spindown trend of the neutron star in 4U 2206+54 is confirmed with a mean spin-down rate of ∼ 5 × 10 −7 s s −1 .
The data points in Fig. 3 show the long-term spin-down trend of the neutron star in 4U 2206+54 from 1990s -2011. However we also need to know more details of spin evolution of this object, i.e., in the relative short time scale, the spindown rate is still observable or even possible the spin torque could be reversed. Therefore, to search for the possible spin evolution of the neutron star in a shorter time scale, we apply the phase shift technique in light curve analysis for 4U 2206+54 from Dec 2005 -June 2006. We first obtain the power spectrum of the light curve for each revolution during the half year, and selected the revolutions in which the significant single peak around 5560 s (> 3σ) is detected in power spectra. We use light curve data of nine observational revolutions: 510, 511, 512, 557, 559 564, 567, 568, and 569. Then we fold all the hard X-ray light curves (backgroundsubtracted and barycentric corrected with the 50 s time resolution) with a tentative period 5560 s to obtain the pulse profile of each revolution. We would calculate the phase (φ) of the peak position for the pulse profile of each evolution (similar to methods in §3.2 of Ferrigno et al. 2007) . We have used the phase of the peak in Rev 510 as the reference, and then derived the phase shift by ∆φ(t) = φ(t) − φ(t0), where t0 is the central time of Rev 510, t is the central time of other revolutions relative to t0. Generally, we can reconstruct the actual phase shift by fitting ∆φ(t) with a second-order polynomial
where φ0 is the starting phase shift determined by the fit. The coefficient a can be used to correct the tentative choice of the folding frequency νt as
where νc is the real pulse frequency at the reference time, i.e., Rev 510. The coefficient b can be used to find the possible pulse frequency derivative during the observational period by the relatioṅ
The calculated data points (∆φ versus time) for nine revolutions are plotted in Fig. 4 . The second-order polynomial fitting is carried out and gives the pulse period of the neutron star of 4U 2206+54 in Rev. 510 at 5557.1 ± 1.9 s which is consistent with the our previous result estimated with the efsearch method, and the average frequency derivative at −(1.8 ± 0.5) × 10 −14 Hz s −1 from Rev. 510 -Rev 569 with the reduced χ 2 of 0.695 (6 d.o.f.). Though the significance level is not so high (∼ 3σ), the spin-down trend is still detected in the X-ray pulsar of 4U 2206+54 in the half year time scale (Dec 2005 -June 2006 , and the spin-down rate is also consistent with the average rate according to the long-term observations from 1990s -2011.
In Fig. 5 , the folded pulse profiles at the determined spin period of 5558 s for Rev 510 are displayed. The hard X-ray light curves are presented in three energy ranges: 17 -35 keV; 35 -70 keV and 70 -150 keV. The pulse fraction (defined as ratio of the maximum of light curves minus the minimum over the maximum) is ∼ 86% for the 17 -35 keV band, near 100% for the 35 -70 keV and 70 -150 keV bands. The pulse profiles generally show a main peak around phase 0.4 -0.5; and the small second peak around phase 0.8 was also detected in the low energy band of 17 -35 keV.
SPECTRAL PROPERTIES AND VARIATIONS
4U 2206+54 is a variable X-ray source whose spectral properties would vary with different luminosities. We will study the spectral properties of 4U 2206+54 in the energy range of 3 -200 keV combined with simultaneous observations by two detectors JEMX (3 -30 keV) and IBIS (18 -200 keV) aboard INTEGRAL. JEM-X has a small field of view so we can study 4U 2206+54 using JEM-X only when the mean off-axis angle on the source is below 5
• (see Table 1 ). The cross-calibration studies on the JEM-X and IBIS/ISGRI detectors have been done by Jourdain et al. (2008) using the Crab observation data. The calibration between JEM-X and IBIS/ISGRI can be good enough within ∼ 6%. In the spectral fittings, the constant factor between JEM-X and IBIS is set to be 1. The spectral extractions for the observations of each revolution with the mean off-source angle below ∼ 5 • and IBIS detection significance level higher than sin 10σ are carried out. The spectral analysis software package used is XSPEC 12.4.0x.
Generally the spectrum of accreting X-ray pulsars like 4U 2206+54 can be described by a power-law model plus a high energy exponential rolloff: A(E) = KE −Γ exp(−E/Ec) with a photoelectric absorption below 5 keV (hereafter abs*cutoffpl). For a comparison, we also fit the spectra with other two models with the absorption: a single power law model (hereafter abs*power) and a thermal bremsstrahlung model (hereafter abs*bremss). Then we fit the spectra of 4U 2206+54 in different revolutions with three models, which help us to justify which model is more acceptable for the spectral fitting in 4U 2206+54. In addition, we can probe the variations of spectral parameters (e.g., column density, photon index) with hard X-ray luminosity.
In Table 3 , all spectral fitting parameters of three models in different revolutions are presented together. The thermal bremsstrahlung model seems to be not suitable for the spectra of the high mass X-ray binary 4U 2206+54 in most cases (the reduced χ 2 > 2). In addition, when the abs*bremss can fit the spectrum with the reduced χ 2 ∼ 1 for some revolutions, the other two models abs*power and abs*cutoffpl can also fit the spectrum well. For Rev 510 when 4U 2206+54 is brightest in our detections, the spectrum cannot be fitted by an absorbed single power-law model (the reduced χ 2 > 4), but an absorbed cut-off power-law model well fit the spectrum with NH ∼ (6.2 ± 1.3) × 10 22 cm −2 , Γ ∼ 1.6 ± 0.1, Ec ∼ 32.8 ± 4.3 keV with the reduced χ 2 ∼ 1.237. For the other revolutions, both two models abs*power and abs*cutoffpl fit the spectrum with similar reduced χ 2 values. Except for the case of Rev 510, the spectra of other revolutions fitted by the abs*cutoffpl model used in XSPEC software package give the values of Ec with large error bars which may be not acceptable in statistics, then we only give the upper limits of Ec values (2σ) in Table 3 . Thus the cut-off power-law model may only be requested for the very bright state of 4U 2206+54. When the source becomes weaker, the single power-law model would also fit the spectrum well. In the following discussions, we only use the spectral results with the cut-off power-law model fittings.
In Fig. 6 , some hard X-ray spectral samples from 3 -200 keV of 4U 2206+54 for eight observational revolutions were presented, in which 4U 2206+54 was in the different luminosity ranges. All spectra in Fig. 6 are fitted with the same model abs*cutoffpl.
The hard X-ray flux in the range of 5 -100 keV varies from (1.5 − 7.8) × 10 −10 erg cm −1 s −1 corresponding to average X-ray luminosities of (1 − 8) × 10 35 erg s −1 assuming a distance of ∼ 2.6 kpc (Blay et al. 2006) . The spectra show the derived absorbed column density of ∼ (6 − 20) × 10 22 cm −2 , and photon index range of Γ ∼ 1.6 − 2.6. The spectral properties of 4U 2206+54 appear to change with the luminosity.
To illustrate a clear description of the spectral variations with luminosity, we try to study the relations of two spectral parameters (NH, Γ) and hard X-ray flux. We have used the data points of all revolutions in Table 3 fitted with the abs*cutoffpl model. In Fig. 7 , the fitted spectral parameters Γ versus the column density and the hard X-ray flux are Rev 567 Figure 6 . The hard X-ray spectra of 4U 2206+54 obtained by JEMX and IBIS in eight different observational revolutions (also see Table 3 ). The spectra are fitted by an absorbed power-law plus high energy exponential roll-off (abs*cutoffpl).
plotted. The photon index shows a positive correlation with the absorbed column density, Γ ∝ N
1.6±0.2 H
with p-value of 2.3×10 −6 ; and an anti-correlation with the hard X-ray flux in the range of 5 -100 keV, Γ ∝ F −1.5±0.2 X (p-value ∼ 1.6 × 10 −6 ).
Searching for cyclotron absorption line features
It 1.9 ± 1.6 17.5 ± 1.1 -3.9 ± 0.3 2.758/24 517 abs*power 18.8 ± 10.1 2.5 ± 0.3 -1.9 ± 0.5 1.101/19 abs*cutoffpl 17.6 ± 11.2 2.4 ± 0.4 < 350 keV(2σ) 1.9 ± 0.5 0.981/18 abs*bremss 11.0 ± 6.8 21.1 ± 10.1 -1.8 ± 0.5 1.344/19 518 abs*power 19.2 ± 11.9 2.5 ± 0.4 -1.9 ± 0.4 0.901/20 abs*cutoffpl 18.4 ± 11.3 2.4 ± 0.4 < 180 keV(2σ) 1.9 ± 0.5 1.083/19 abs*bremss 7.9 ± 5.8 19.9 ± 9.5 -1.7 ± 0.4 1.410/20 519 abs*power 17.9 ± 4.1 2.6 ± 0.2 -4.6 ± 0.5 0.697/24 abs*cutoffpl 14.1 ± 5.0 2.3 ± 0.2 < 200 keV(2σ) 4.5 ± 0.5 0.639/23 abs*bremss 4.8 ± 2.6 17.9 ± 1.8 -4.2 ± 0.5 1.067/24 520 abs*power 18.9 ± 8.1 2.3 ± 0.2 -5.2 ± 0.5 0.599/21 abs*cutoffpl 16.8 ± 8.6 1.9 ± 0.5 < 100 keV(2σ) 5.0 ± 0.5 0.540/20 abs*bremss 12.9 ± 5.7 24.8 ± 4.7 -4.9 ± 0.4 0.568/21 557 abs*power 14.5 ± 4.3 2.3 ± 0.2 -1.8 ± 0.2 1.263/23 abs*cutoffpl 13.6 ± 5.2 2.3 ± 0.3 < 360 keV(2σ) 1.8 ± 0.2 1.310/22 abs*bremss 3.9 ± 2.9 22.6 ± 3.2 -1.6 ± 0.2 1.768/23 558 abs*power 17.1 ± 11.5 2.4 ± 0.3 -2.2 ± 0.6 0.8671/17 abs*cutoffpl 14.6 ± 12.2 2.3 ± 0.5 < 130 keV(2σ) 2.1 ± 0.6 0.8632/16 abs*bremss 8.1 ± 6.9 32.2 ± 10.5 -1.9 ± 0.6 0.8099/17 559 abs*power 20.1 ± 3.2 2.4 ± 0.1 -3.1 ± 0.3 1.370/23 abs*cutoffpl 18.5 ± 4.1 2.4 ± 0.2 < 200 keV(2σ) 3.1 ± 0.3 1.430/22 abs*bremss 5.9 ± 3.3 19.8 ± 1.4 -2.8 ± 0.3 2.178/23 564 abs*power 23.9 ± 6.8 2.5 ± 0.2 -2.1 ± 0.3 0.695/25 abs*cutoffpl 21.8 ± 8.2 2.5 ± 0.3 < 160 keV(2σ) 2.1 ± 0.3 0.7157/24 abs*bremss 9.9 ± 3.8 20.6 ± 2.5 -1.9 ± 0.3 1.125/25 567 abs*power 11.6 ± 2.1 2.3 ± 0.1 -3.8 ± 0.3 1.008/22 abs*cutoffpl 9.7 ± 2.5 2.1 ± 0.1 < 180 keV(2σ) 3.7 ± 0.3 0.9648/21 abs*bremss 1.9 ± 1.3 22.4 ± 1.3 -3.4 ± 0.2 1.989/22 568 abs*power 12.8 ± 2.2 2.4 ± 0.1 -3.0 ± 0.2 1.474/23 abs*cutoffpl 11.4 ± 2.7 2.3 ± 0.1 < 400 keV(2σ) 3.0 ± 0.2 1.520/22 abs*bremss 1.7 ± 1.5 21.0 ± 1.5 -2.7 ± 0.2 2.289/23 569 abs*power 14.2 ± 6.1 2.5 ± 0.2 -5.3 ± 0.9 0.9242/24 abs*cutoffpl 9.7 ± 7.0 1.9 ± 0.4 < 90 keV(2σ) 4.9 ± 0.9 0.7664/23 abs*bremss 2.2 ± 1.9 24.3 ± 2.6 -4.6 ± 0. The production of cyclotron resonant absorption line feature near the surface of the neutron star is complicated in physics, which will sensitively depend on accretion states and accretion geometry (e.g., Araya & Harding 1999) . In addition, the fundamental line energy may also change in different accretion luminosity states and the relativistic cyclotron absorption line energy would have non-harmonic line spacing (Araya & Harding 2000) . Therefore, detection of cyclotron absorption line features is not only used to identify a magnetized neutron star in binary systems but also important for studies on accretion physics near neutron star surface.
Our long-term INTEGRAL observations cover the energy range of 3 -200 keV and different accretion states of 4U 2206+54. Then INTEGRAL observations provide us a good chance to search for the possible cyclotron absorption line features. We have done the spectral extraction in the range of 3 -200 keV for all observational revolutions with the IBIS detection significance level > 10σ and mean offsource angle < 5
• (Table 1) combined with the IBIS and JEM-X data. Then we check the residuals and fitted reduced χ 2 values of the continuum fitting with a power-law model plus a high energy exponential rolloff on the spectra to search for the possible absorption line features (also see Figure 7 . Relations between the photon index Γ versus the absorbed column density and Γ versus hard X-ray flux (5 -100 keV) of 4U 2206+54 in different observational revolutions (data points are taken from Table 3 ). All spectra have been fitted with the same model of abs*cutoffpl.
all fitted parameters shown in Table 2 ). However, because of the low S/N for one single revolution, no significant features are detected in the spectral analysis (also refer to the spectra in Fig. 6 ). Then we collect these data to extract an average spectrum of 4U 2206+54 from 3 -200 keV with a smaller energy bins (top panel of Fig. 8 ). The spectrum has been fitted with the abs*cutoffpl model, deriving a column density of NH ∼ (10.4 ± 0.9) × 10 22 cm −2 , a photon index of Γ ∼ 2.01 ± 0.04 keV and Ec ∼ 73.6 ± 8.8 keV with a reduced χ 2 ∼ 1.351 (63 degrees of freedom). The obtained χ 2 value suggests that the fitting is acceptable. The previous reported line feature around 30 keV is not confirmed in this spectral analysis. A possible structure around 60 keV is also not significant, and cannot be fitted as a possible line feature with the XSPEC package. If we try to constrain the cyclotron absorption line depth around 60 keV, we can find a upper limit of 0.8 (2σ) using the XSPEC model cyclabs.
For the further check, we also derive the count ratio of the 4U 2206+54 spectrum to the Crab one. The Crab spectrum is derived from Rev 541 which is the nearest observational revolution around the pointing observations on 4U 2206+54 in our analysis. The Crab spectrum from 3-200 keV can be well described by a broken power-law model of Γ1 ∼ 2.11 ± 0.01, Γ2 ∼ 2.32 ± 0.03 and E b ∼ 93.2 ± 3.8 keV, no features are discovered in the residuals. The plotted count ratio to the Crab spectrum is presented in the bottom panel of Fig. 8 . No significant features are found in the spectrum ratio. Thus, the possible cyclotron absorption features around 30 keV and 60 keV are not confirmed by our analysis. Further high-sensitivity observations specially by different missions are required to check the existence of the cyclotron absorption lines in 4U 2206+54.
SUMMARY AND DISCUSSION
In this paper, we systematically study temporal and spectral properties of the slow-pulsation X-ray pulsar in 4U 2206+54 with INTEGRAL long-term monitoring observations. We confirm the existence of the slow-pulsation period around 5560 s for the neutron star in 4U 2206+54. From 2005 -2011, the long-term spin-down trend of the neutron star is found with the spin period evolving from ∼ 5558 s to ∼ 5588 s. In addition, we also search for the possible spin-down behavior of the neutron star in the short time scale. Using the phase-shift technique, we determine the spin period of the Xray pulsar in 4U 2206+54 at ∼ 5557.1 ± 1.9 s at MJD 54080 and discover the spin-down rate ofν ∼ −(1.8 ± 0.5) × 10
−14
Hz s −1 from MJD 54080 -54260.
4U 2206+54 is a variable X-ray source, and its spectral properties also change with the X-ray luminosity. The spectrum of 4U 2206+54 can be described by an absorbed power-law model plus high energy exponential rolloff. The spectral parameters, e.g., the column density and photon index show the anti-correlation with the X-ray luminosity: higher luminosity with the lower column density and harder spectrum (smaller photon index). We search for the possible cyclotron resonant absorption line features in the hard X-ray spectra of 4U 2206+54. The possible cyclotron absorption features at 30 and 60 keV in 4U 2206+54 are not detected with present INTEGRAL observations. INTEGRAL observations suggest that the spectral variation pattern of 4U 2206+54 is quite similar to another very slow pulsation X-ray pulsar in 2S 0114+65. 2S 0114+65 also shows the spectral behaviors with a harder spectrum and lower absorption column density in a higher luminosity from RXTE and INTEGRAL observations (Farrell et al. 2008; Wang 2011 ). This spectral variation pattern in these two accretion X-ray pulsar systems suggests that they should belong to highly obscured X-ray binary systems. Anti-correlation between the hydrogen column density and (Table 1) . The spectra are fitted with a power-law model plus high energy cutoff. Bottom: The count ratio of the average spectrum of 4U 2206+54 to the Crab spectrum derived from Rev. 541.
X-ray luminosity has been detected in other high mass Xray binaries like Vela X-1 (Haberl & White 1990 ) and EXO 1722-363 (Thompson et al. 2007 ). The variations of X-ray luminosity would sensitively depend on the circumstellar environment. The increased column density and photon index during the minimum luminosity phase will be due to the absorption effect by the stellar winds. The variations of hydrogen column density with X-ray luminosity in high mass X-ray binaries have been also investigated by some authors through observations and hydrodynamic simulations (Haberl et al. 1989; Blondin et al. 1991; Blondin 1994) . The stellar wind particles flowing past the compact object will be affected by different factors like gravitational, rotational and radiation pressures. The accretion wakes and possible filaments may form in the the circumstellar environment.
Variability of hydrogen column density may be due to the line-of-sight motion of the neutron star near these dense materials. Though 4U 2206+54 harbors a main-sequence donor star which is quite different from the supergiant stars in 2S 0114+65, Vela X-1 and EXO 1722-363, the stellar wind properties near the compact star may have similar features, so that similar spectral variability patterns over different luminosity states are observed in these binary systems. The neutron star of 5560-s pulsation period in 4U 2206+54 makes it as one of slowest pulsation X-ray pulsars. In the spin period -orbital period diagram for the accreting X-ray pulsars, 4U 2206+54 and the other very slow pulsation X-ray pulsar 2S 0114+65 are located in a distinct part (also see Fig. 9 ). In the Pspin − P orbit diagram, Be X-ray transients follow a positive correlation in distributions, suggesting a common formation and activity mechanisms. 4U 2206+54 and 2S 0114+65 distribute far from the Be X-ray transient line, but they may link to the supergiant wind-fed accreting binaries like Vela X-1 and EXO 1722-363 in the diagram. In observations, four X-ray pulsar systems all belong to the wind-fed direct accreting binaries, and show the similar spectral variability patterns. The donor stars in these wind-fed systems are different, supergiant stars in Vela X-1 and EXO 1722-363, a B1 supergiant star in 2S 0114+65, a main-sequence star in 4U 2206+54. In addition, 4U 2206+54 and 2S 0114+65 are the rare objects with a very slow pulsation period longer than 5000 s, and their formation channel is still unknown and quite interesting in astrophysics.
The spin period evolution of the new-born neutron star generally undergoes three states (e.g., Bhattachaya & van den Heuvel 1991): ejector state in which neutron star spins down through the conventional spin-powered pulsar energyloss mechanisms; propeller state in which spin period decreases by means of interaction between the neutron star magnetosphere and stellar wind of the companion; accretor state in which spin period of neutron star reaches a critical value, and the neutron star begin to accrete materials on to the surface, then switch on as the X-ray pulsar. The critical period is defined by equating the corotational radius of the neutron star to the magnetospheric radius, which gives (e.g., Pringle & Rees 1972; Ghosh & Lamb 1978) Pcr ≃ 18κ 3/2 MNS 1.4M⊙
where κ ∼ 0.5 − 1 is the geometrical parameter of the accretion flow, µ is the dipole magnetic moment of the neutron star, andṀ = πr 2 G ρ∞V rel is the mass with which a neutron star interacts in a unit time as it moves through the stellar wind of the density ρ∞ with a velocity
rel is the Bondi radius. According to Eq. (4), the spin period of the neutron star could increase during the ejector and propeller states to the longest period of several hundred seconds but less than ∼ 1000 s for the neutron star of magnetic field B < Bcr = 4.4 × 10 13 G (see e.g. Urpin et al. 1998) .
However, the superlong spin period (> 1000 s) neutron star in high mass X-ray binary cannot be formed in this standard scenario. Some theorists have provided other possible mechanisms. Li & van den Heuvel (1999) have suggested that a slow spin period is possible if the neutron star was born as a magnetar with an initial magnetic field ≥ 10 14 G, allowing the neutron star to spin down to the spin period range longer than 1000 s during the canonical propeller phase within the lifetime (Myr) of the companion. They also suggested that this ultra-strong magnetic field could decay to the normal value ranges of 10 12 − 10 13 G within a few million years, so that 4U 2206+54 and 2S 0114+65 may be defined as magnetar descendants. The alternative sugges- 4U 2206+54 Figure 9 . The spin period -orbital period diagram for the accreting X-ray pulsars in high mass X-ray binaries. The data point for 2S 0114+65 is taken from Wang (2011) and Farrell et al. (2008) ; the data point for 4U 2206+54 is taken from this work and Wang (2009) ; the data point of EXO 1722-363 is taken from Thompson et al (2007) ; the data points of other supergiant binaries (triangles) including Vela X-1 and Be X-ray transients (squares) are taken from Bildsten et al. (1997) , Sidoli (2011) and Haberl et al. (2012) . There exists a positive correlation between P spin − P orbit for the Be transient systems which have the transient accretion disk during outbursts. Two very slow pulsation X-ray pulsars 2S 0114+65 and 4U 2206+54, and the supergiant X-ray binaries EXO 1722-363 and Vela X-1 all belong to wind-fed direct accretion systems and emit persistent and variable X-rays. If the possible relation between P spin − P orbit exists in the wind-fed systems, it should be very different from that of the Be transients.
tion for the origin of long-period X-ray pulsars proposed by Ikhsanov (2007) shows that an additional evolution phase subsonic propeller state between the transition from known supersonic propeller state to accretor state could allow the spin period increases up to several thousand seconds which may not require the assumption of magnetars, which is the so-called break period given by Ikhsanov (2001) :
where B surf is the surface magnetic field of the neutron star. The different measurements (Figs. 3 & 4) showed the spin-down trend for the neutron star in 4U 2206+54 in the last twenty years with an average spin-down rate of ∼ 5 × 10 −7 s s −1 . According to the standard evolutionary scenario, the maximum spin-down rate in the accretor stage is given byṖ ∼ 2πB 2 R 6 NS /(GM I), where I is the momentum of inertia. This equation implies B > 10 14 G for 4U 2206+54. Recently, a new theory of quasi-spherical accretion for Xray pulsars is developed (Shakura et al. 2012) , the magnetic field in wind-fed neutron star systems is given by
This also gives the ultrastrong magnetic field of > 10 14 G for the case of 4U 2206+54 if we take the orbital period as 19 days.
Then the discovered long-term spin-down trend inter- (2000), Farrell et al. (2008) and Wang (2011) . The dashed lines show their possible spin evolution channels. 4U 2206+54 undergoes a spin-down process with a rate of ∼ 5 × 10 −7 s s −1 (from Finger et al. 2010; Reig et al. 2012 and this work), which will make the spin period of 4U 2206+54 longer than 10000 s within 300 years if the rate is stable in next a few hundred years. While, 2S 0114+65 undergoes a fast spin-up process in the last twenty years with spin period variations from ∼ 10000 s to present 9500 s (Wang 2011) . It is possible that there exists a candidate neutron star binary with a spin period much longer than 10000 s which may be the product of long-term spin down of the 4U 2206+54-like neutron star and would undergo the spin-up transition to form the 2S 0114+65-like source.
preted that the neutron star in 4U 2206+54 should be an accreting magnetar with a magnetic field of > 10 14 G. If so, the system of 4U 2206+54 should be very young, and the magnetic field of the new-born neutron star could be even higher due to the field decay. In addition, magnetar activity would emit X-rays with a typical luminosity of ∼ 10 35 −10 36 erg s −1 and a typical power-law spectrum in hard X-ray bands (10 -100 keV) of photon index Γ ∼ 1 − 1.5 for known magnetar candidates (see Kuiper et al. 2004 Kuiper et al. , 2006 Wang 2008) . The observed spectrum of 4U 2206+54 in hard Xrays is still the typical accretion-powered pulsar spectrum, power-law with a high energy cutoff, and even in the relatively weak states, the spectrum was fitted with a single power-law model of Γ ∼ 2.5 (also see Wang 2009), quite different from the known magnetar candidates. The persistent X-ray luminosity of magnetars is relatively stable, but the X-ray luminosity of 4U 2206+54 varies from 10 34 − 10 36 erg s −1 from long-term X-ray observations (Torrejon et al. 2004; Masetti et al. 2004; Blay et al. 2005; Corbet et al. 2007; Wang 2009 Wang , 2010 . These inconsistences must lead to the assumption that present magnetar-activity powered Xray luminosity is lower than 10 34 erg s −1 for the case of 4U 2206+54.
We could not exclude the possibility of the magnetar nature in 4U 2206+54, but some more complicated issues need be addressed in further studies. 4U 2206+54 could be a magnetized neutron star with a normal magnetic field of 3×10 12 G assuming the electron cyclotron line feature round 30 keV (Blay et al. 2005; Wang 2009 ), which is similar to other accreting pulsars in high-mass X-ray binaries. However, the problem is that the neutron star is difficult to spin down to more than 5000 s in the present accretion theory, except for the magnetar assumption or very low accretion rate (∼ 10 12 g s −1 , see Fig. 1 of Li & van den Heuvel 1999) . In the mean observed X-ray luminosity range of 10 35 − 10 36 erg s −1 in the range of 3 -100 keV, the derived mass accretion rate is at least about 5 × 10 14 − 5 × 10 15 g s −1 for 4U 2206+54. The difficulty and uncertainties in explaining the long spin period still exist. It is possible that the X-ray pulsar in 4U 2206+54 may not follow the present standard evolution models in close binaries.
The very slow pulsation neutron star in 2S 0114+65 is undergoing the spin-up process from more than 10000 s to the present 9500 s with a spin-up rate of ∼ 10 −6 s s −1 in the last twenty years (see Wang 2011) . If the X-ray pulsar in 2S 0114+65 continues to spin up, 2S 0114+65 would reach its possible equilibrium period less than ∼ 1000 s in next a few hundred years. The spin period evolution of the neutron star in 4U 2206+54 is also detected with INTE-GRAL observations (Fig. 4) . With comparing different observations in the last twenty years (Fig. 3) , we still confirm that the neutron star in 4U 2206+54 is undergoing a spindown trend with a mean spin-down rate of ∼ 5 × 10 −7 s s −1
(also see Finger et al. 2010; Reig et al. 2012) . If so, with the present rate, 4U 2206+54 would spin down to a rotation period longer than 10000 s within ∼ 300 years (also see Fig. 10 ). There exists a possible link between the two slowpulsation X-ray pulsars from the cartoon picture in Fig. 10 . 4U 2206+54 could spin down to a possible slowest pulsation neutron star with spin period much longer than 10000 s, and then undergo a transition to the spin-up channel, becoming the 2S 0114+65-like system. The evolution channel from the 4U 2206+54-like system to the 2S 0114+65-like system could be supported by the their companion types: according to the evolutional tracks of massive stars (e.g., Meynet et al. 1994) , the possible progenitor of a B1 supergiant in 2S 0114+65 is an O9.5 V star consistent with the main-sequence star type in 4U 2206+54. Some other supergiant X-ray binaries like Vela X-1 and EXO 1722-363 may be the product of 2S 0114+65-like sources which evolves to the equilibrium period less than ∼ 1000 s through spin-up processes. According to the present spin-down and spin-up rates of the two very slow pulsation neutron stars, the total lifetime of the slow pulsation X-ray pulsar phase is very short with a time scale of ∼ 10 3 yrs, so the object is very rare but fortunately we have detected at least two very slow pulsation neutron star systems.
We have suggested an evolution track for the slowpulsation neutron stars in wind-fed accreting binaries. There may exist the physical link among these slow-pulsation Xray pulsars: 4U 2206+54 and 2S 0114+65 are the younger systems undergoing rapid spin period evolutions, from the spin-down phase of 4U 2206+54 to the spin-up phase of 2S 0114+65; supergiant X-ray binaries, like Vela X-1 and EXO 1722-363 are the older systems in the equilibrium spin period range after the rapid evolution phase. In the equilibrium, accreting X-ray pulsars in wind-fed systems would not undergo long-term spin-up/spin-down evolution trends, the torque changes and fluctuations during accretion will occur which has been observed in Vela X-1 and some other supergiant neutron star binaries (see Bildsten et al. 1997 ). This evolution track assumption requires further long-term observations, specially monitoring the spin-down trend of 4U 2206+54: the spin-down process continues in a longer time scale or there exist torque fluctuations or even the torque changes in future. These important issues will help us to well understand the origin and evolution of very slow pulsation neutron star systems, and provide new information on the evolution channels of accreting neutron star high mass X-ray binaries, specially these accreting magnetar candidates.
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